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AmyR is a transcriptional activator in Aspergillus spp. necessary for induction of the amylolytic enzyme genes. It recognizes 5 0 -CGGN 8 CGG-3 0 conserved in a number of the amylolytic gene promoters, and in addition 5
0 -CGGAAATTTAA-3 0 in the A. oryzaeamylase promoter. In this report, interaction of AmyR with the 5 0 -CGGAAATTTAA-3 0 type binding site in the Taka-amylase gene (taaG2) promoter was precisely characterized by DNase I footprinting analysis and electrophoretic mobility shift assay in vitro, and also by examination of the in vivo activity of the mutated promoters. The in vitro and in vivo analyses indicated that two AmyR molecules bind cooperatively to the 5 0 -CGGAAATTTAA-3 0 sequence by recognizing the CGG triplet at the 5 0 -end and the AGG triplet just downstream of the sequence.
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Filamentous fungi in the genus Aspergillus produce various amylolytic enzymes, including -amylases, glucoamylases, and -glucosidases. Production of the enzymes is regulated at the transcriptional level by environmental carbon sources. While their substrates such as starch and maltose activate expression of the amylolytic genes, glucose represses the expression. Our previous promoter analyses of the taaG2 gene, which encodes Taka-amylase A of A. oryzae, have indicated functional binding sequences for the Hap complex and CreA involved in transcriptional enhancement and carbon catabolite repression respectively. [1] [2] [3] [4] The ciselement required for the induction, SRE (starch responsive element), has also been identified on the taaG2 promoter. 5) SRE was found to overlap with Region IIIa, which is highly conserved in the promoter regions of the amylolytic genes in various Aspergillus species. 6) The amyR gene coding for the transcriptional activator required for induction of the amylolytic genes was first cloned from A. oryzae. 7, 8) It encodes the 604 amino acid polypeptide with a Zn(II) 2 Cys 6 binuclear cluster DNA-binding motif at the N-terminus. A subset of the DNA-binding domains with this motif has been shown to bind inverted, everted, or direct repeats of a CGG triplet. [9] [10] [11] [12] [13] [14] A. oryzae AmyR binds two types of sequences; one is characterized by two CGG triplets separated by eight nucleotides, and the other is 5 0 -CGGAAATTTAA-3 0 , which corresponds exactly to SRE in the taaG2 promoter. 5, 8) The amyR gene was also cloned from A. nidulans.
15) It comprises 662 amino acids and shares 72% overall amino acid identity with that of A. oryzae.
15) The DNA binding motif of A. nidulans AmyR shares a completely identical sequence with that of A. oryzae, implying that these proteins recognize and bind the same sequences. Mutational analysis of the 5 0 -CGGN 8 CGG-3 0 -type AmyR binding site of the A. nidulans -glucosidase A (agdA) promoter indicates that AmyR can bind to a single CGG triplet as a monomer but requires the CGG direct repeat for high affinity binding and transcriptional activation. 16) The question arises how the 5 0 -CGGAAATTTAA-3 0 sequence carrying only the single CGG triplet can function as an upstream activating sequence responsible for induction. In this study, site-directed mutational analysis of the AmyR binding site on the taaG2 promoter indicated that the AGG triplet neighboring the 3 0 -end of 5 0 -CGGAAATTTAA-3 0 is also required for binding of two AmyR molecules as well as induction of the taaG2 gene.
Materials and Methods
Strains, media, and transformation. A. nidulans AB-PU1 (biA1 pyrG89; wA3; argB2; pyroA4) was used as an arginine-requiring host for transformation. Protoplast preparation and transformation were performed by the method of Balance and Turner.
17) The A. nidulans y To whom correspondence should be addressed. Fax: +81-52-789-4087; E-mail: koba@agr.nagoya-u.ac.jp Abbreviations: taaG2, taka-amylase G2; SRE, starch responsive element; EMSAs, electrophoretic mobility shift assays; PCR, polymerase chain reaction strains were grown at 37 C in standard A. nidulans complete and minimal culture media 18) with appropriate ingredients. Escherichia coli XL1-Blue was used for DNA manipulation, and BL21 (DE3) pLysS was used for production of AmyR 1-411 . Transformation of E. coli was done by the method of Lederberg and Cohen. 19) DNase I footprinting. Part of the wild-type taaG2 promoter region, À231 to À132, referring to the transcriptional start site as þ1, was introduced into the Sma I-Pst I site of pUC18. The taaG2 promoter fragment was then recovered as the EcoR I-Hind III fragment by preparative acrylamide gel electrophoresis. The DNA fragment was labeled with T7 DNA polymerase and [-32 P] dCTP, so that the 3 0 end of the non-coding strand was specifically labeled. The labeled DNA fragment (4 Â 10 4 cpm) was incubated with 2 to 14 g of the MalE::AmyR 1-411 protein, 16) which was purified as described previously, for 10 min at 4 C in a binding buffer consisting of 25 mM Tris-HCl pH 8.0, 50 mM KCl, 0.5 mM DTT, 2 mM ZnSO 4 , and 10% glycerol, followed by digestion at 25 C with DNase I for 1 min. The reaction mixtures were analyzed by electrophoresis on a DNA sequencing gel as described previously.
16)
Production of AmyR 1-411 in E. coli. Part of the amyR gene corresponding to residues 1 to 411 of AmyR was amplified by PCR using specific oligonucleotide primers, 5 0 -CATGCCATGGCCTCACCAGC-3 0 and 5 0 -GGATCCTTATTACTCGAGCGAGATCGGTT-3 0 . These primers contained the Nco I and BamH I sites at their 5 0 -termini respectively, and the latter primer carried the double termination codons TAATAA just after codon 411. The plasmid carrying the malEamyR 1-411 fusion gene 16) was used as a PCR template. The PCR product was digested with Nco I and BamH I and cloned into pET11d (Novagen) digested with the same enzymes. The resultant plasmid (pET11d-amyR411) was introduced into E. coli BL21 (DE3) pLysS. The transformant harboring pET11d-amyR411 was cultured to OD 595 ¼ 0:5 in 10 ml of LB broth with 50 mg/l of ampicillin, and production of AmyR 1-411 was induced with 1 mM isopropyl--D-thiogalactopyranoside (IPTG) for 4 h at 37 C. Cells were collected, suspended in 2 ml of buffer (20 mM HEPES-KOH, 150 mM NaCl, 1% TritonX-100, and 0.5% deoxycholate pH 7.5) and disrupted by sonication to obtain crude extracts containing AmyR . Protein concentrations of the crude extracts were measured using the Bio-Rad Protein Assay reagent (Bio-Rad).
Mutagenesis of the AmyR binding site on the taaG2 promoter. Recombinant PCR 20) was used to introduce site-directed mutations into the AmyR binding region comprising 5
0 -CGGAAATTTAAAGG-3 0 at À198 to À185 (referring to the transcriptional start site as þ1). The first PCR was performed with the following oligonucleotide combinations: À198F plus BglR and À198R plus 6PFBIp, À187F plus BglR and À187R plus 6PFBIp, and taaCGGF plus BglR and taaCGGR plus 6PFBIp. Plasmid pTG1-Taa 2) was used as the template DNA. The PCR products by each primer set were mixed, and a second PCR with 6PFBIp and BglR was carried out. The 68 bp DNA fragments produced by the second PCR reactions carried CGG to ATT (Á5), AGG to CTT (Á3), and AGG to CGG substitutions (CGG) with BamH I and Bgl II sites at the 5 0 -and 3 0 -ends respectively. The wild-type taaG2 fragment was directly amplified with 6PFBIp and BglR using pTG1-Taa as a template. The PCR products were digested with BamH I and Bgl II and introduced into the BamH I site of pBAT, the reporter plasmid, to monitor promoter activity.
16) The plasmids carrying the wild-type and mutant taaG2 fragments were designated pBATWT, pBATÁ5, pBATÁ3, and pBATCGG respectively. These plasmids were linearized at the single EcoR V site within the argB gene and used to transform A. nidulans. The locations and copy numbers of the plasmids integrated into the chromosome were examined by Southern hybridization analysis. Only the transformants that carried a single-copy plasmid insertion at the argB locus were used in this study.
Electrophoretic Mobility Shift Assays (EMSAs). EMSAs were performed as described by Tani et al.
16) The taaWT, taaCGG, taaÁ5, and taaÁ3 DNA fragments, which carried the same substitutions as the above mutant promoters, were generated by annealing the oligonucleotides taaWT-F plus taaWT-R, taaCGG-F plus taaCGG-R, taaÁ5-F plus taaÁ5-R, and taaÁ3-F plus taaÁ3-R respectively (Table 1) . These fragments were introduced between the BamH I and Hinc II sites of pUC119 and then recovered as EcoR I-Hind III fragments by preparative acrylamide gel electrophoresis. The DNA fragments were labeled with T7 DNA polymerase and [-32 P] dCTP, so that the Hind III-side of each fragment was labeled specifically. The binding reaction of AmyR 1-411 to the DNA fragments was carried out in 5 l of the reaction mixture, which contained the labeled DNA fragment (5 Â 10 3 cpm), 0.5 g poly dI-dC, cell-free extracts (5-500 ng as protein) in 25 mM Tris-HCl, 50 mM KCl, 0.5 mM DTT, 1 mM ZnSO 4 , and 10% glycerol (pH 8.0). The binding mixtures were incubated for 10 min at 4 C and analyzed by 4% polyacrylamide gel electrophoresis.
Other methods. Chromosomal DNA was extracted from A. nidulans by the same method as that used for A. oryzae. 21) Nucleotide sequences were determined by the dideoxy chain termination method with a DNA sequencer (ABI PRISM 310 Genetic Analyzer). For Southern hybridization analysis, DNA fragments were separated by agarose gel electrophoresis and transferred onto Hybond-N þ membranes (Amersham) by capillary blotting. 22) Labeling of the probes and detection of hybridization signals were performed using an ECL nucleotide labeling and detection system (Amersham).
Amylase activity was measured using a soluble starch as a substrate. A reaction mixture consisting of 1% soluble starch, 20 mM acetate buffer (pH 5.9), 10 mM CaCl 2 , and the enzyme was incubated at 37 C for an appropriate time. The amount of reducing sugar liberated was measured by the method of Nelson and Somogyi.
23)

Results and Discussion
Identification of the AmyR binding site on the taaG2 promoter
The functional AmyR binding site on the A. nidulans agdA promoter contains 5 0 -CGGN 8 CGG-3 0 , to which two AmyR molecules bind. 16) Once one of the CGG triplets is mutated it cannot function as UAS in vivo, although a single AmyR molecule still binds to the site. Contrary to these observations, it has been reported that the single CGG triplet site comprising 5 0 -CGGAAATT-TAA-3 0 in the A. oryzae -amylase promoters such as taaG2 is recognized by AmyR and able to function in vivo. 8) To determine the precise binding sequence of AmyR in the taaG2 promoter, DNase I footprinting analysis with purified MalE::AmyR 1-411 was performed. As shown in Fig. 1 , the lower amount of MalE:: AmyR 1-411 (2 g) protected a single region of 11 bp at positions À200 to À190, referring to the transcription start point as þ1. The region corresponded to the 5 0 -CGGAAATTTAA-3 0 sequence reported by Petersen et al. 8) But when the amount of MalE::AmyR 1-411 was increased, a second binding region from À188 to À178 became visible, which contained the AGG triplet just downstream of the 5 0 -CGGAAATTTAA-3 0 sequence. These results indicate that two molecules of AmyR can bind to two adjacent sites in the taaG2 promoter region: to the CGG triplet site first and then to a second site containing the AGG triplet.
In vivo UAS activity of the wild and mutated AmyR binding sites
To examine whether both the CGG and AGG triplets are required for the induction of the taaG2 gene in vivo, the wild-type and mutated AmyR binding sites were introduced into the BamH I site of pBAT (Fig. 2) . Plasmid pBAT carries part of its promoter and the complete structural taaG2 gene (À137 to 2631). Since this taaG2 derivative lacks the AmyR binding site, A. nidulans transformed with pBAT produces only slight -amylase activity even under inducing conditions. 16, 24) The amounts of purified MalE::AmyR 1-411 used for analysis are indicated at the top. Since the non-coding sequence with respect to the taaG2 structural gene was labeled specifically, the sequence shown at the left represents the sequence of the labeled strand. The protected regions are indicated by the open boxes on the sequence. 
GATCTGGAAATTAATCAAGTTAAATTTCCGCCCCTAGT
As shown in Fig. 3 , the A. nidulans strain carrying pBATWT, in which the wild-type AmyR binding site was inserted, inducibly produced a significant amount of -amylase in the presence of starch. On the other hand, the strains carrying pBATÁ5 and pBATÁ3, which lacked the CGG and AGG triplets respectively, produced a basal level of -amylase that was comparable to the strain carrying pBAT. Therefore, both the CGG and AGG triplets are essential to the inducible expression of the taaG2 gene. With regard to the transformant carrying pBATCGG, in which AGG was replaced with CGG (agdA-type AmyR binding sequence), amylase production was almost identical to that of the strain carrying pBATWT. Consequently, the 5 0 -CGGN 8 CGG-3 0 and the 5 0 -CGGN 8 AGG-3 0 sites are functionally indistinguishable from each other in vivo.
Similar results have been obtained in the analysis of S. cerevisiae Hap1. Unlike other Zn(II) 2 Cys 6 proteins, Hap1 tolerates deviations from the cognate CGG triplet half sites, recognizing the AGG (CYB2), 25) TGG (CTT1), 26) and CGC triplets (CYC7).
27)
Cooperative binding of two AmyR molecules to the CGGN 8 AGG site in the taaG2 promoter
In order further to characterize the interaction of AmyR with the AmyR binding site in the taaG2 promoter, EMSAs using the mutated AmyR binding sites were carried out. Probes taaWT, taaÁ5, taaÁ3, and taaCGG, carried the same mutations as plasmids pBATWT, pBATÁ5, pBATÁ3, and pBATCGG respectively, in the preceding section. Two types of DNAprotein complexes with different mobility (Fig. 4A, C2 and C1) were formed with taaWT as a probe, indicating that two AmyR molecules can bind to the taaWT fragment. When taaÁ5 was used as a probe, neither of the complexes C1 or C2 was detected (Fig. 4C) , while in the case of taaÁ3, only the faster mobility shift complex, C1, was detected (Fig. 4D) . These results and the in vivo C for 36 h on minimal media with 2% glycerol or 2% starch/2% glycerol as carbon sources, and the -amylase activities in the culture broth were measured. The experiments were repeated at least three times, and the average values were plotted with the standard deviations as shown by bars in each column.
results described above confirm the previous conclusion that a single CGG triplet is sufficient for AmyR binding but not for induction.
16) The disappearance of the C2 complex with taaÁ3 as a probe clearly indicated that AGG is required for C2 formation. But since taaÁ5 lacked detectable affinity to AmyR, AGG can function as the second binding site only in the presence of CGG. In other words, binding of AmyR to the CGG triplet in the taaG2 promoter may recruit another AmyR molecule to bind to the AGG triplet at a higher affinity, suggesting a weak affinity of AmyR to the AGG triplet site as well as protein-protein interaction between two AmyR molecules. With regard to taaCGG, which possesses the CGGN 8 CGG sequence (Fig. 4B) , the amount of C2 increased significantly as compared to that of taaWT, indicating that CGGN 8 CGG is preferable to CGGN 8 AGG for AmyR binding. Together with all the results described thus far, it is highly likely that AmyR exists primarily as a monomer in the absence of DNA and dimerizes on the DNA molecule, and that cooperative binding of two AmyR molecules to the amylase promoters established by DNA-protein and proteinprotein interactions is required for induction of the taaG2 gene. The taaWT fragment carrying the wild-type taaG2 sequence (A), and the mutant fragments, taaCGG (B), taaÁ5 (C), and taaÁ3 (D) carrying AGG to CGG, CGG to ATT, and AGG to CTT substitutions respectively, were used as probes. The probes were mixed with increasing amounts of cell-free extract containing AmyR . Two DNA-AmyR 1-411 complexes (a fast migrating complex C1 and a slow migrating complex C2) are indicated by arrows.
